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Understanding how guest molecules in metal-organic framework (MOFs) interact with each other and the framework they occupy upon adsorption is vital for the development and commercial application of MOFs, for example in carbon capture and gas sequestration technologies.
[1] Spectroscopic techniques, such as IR [2] and solid state NMR [3] are often used for probing these interactions. Crystallographic studies, both X-ray and neutron, utilizing various environmental cells have proven invaluable in determining the nature of host-guest interactions within MOFs and their guest-driven structural flexibility. [4] This is particularly important in the many cases where the uptake behavior, which can include conformational changes in the framework itself, can be perturbed by the type and amount of guest adsorbed. [5] One of the main reasons why so little data is available is that the experimental location of gas molecules in MOFs is challenging. The gas molecules are often disordered and exhibit thermal motion which is difficult to model crystallographically even when cooled close to the freezing temperature of the gas adsorbed. In-situ cells have been developed for collecting crystallographic data whilst exposing a MOF to a gaseous environment at tens, or even hundreds of bars of pressure in an effort to saturate the pores with gas molecules, though even here, the gas molecules are often difficult to observe experimentally. For these reasons, despite the intensive research in carbon capture technologies, relatively few crystallographic studies have been reported where CO2 molecules have been unambiguously located within MOFs.
[6]
The use of condensed gases as pressure transmitting media (PTM) in diamond anvil cells is commonplace in the fields of condensed matter physics and high-pressure mineralogy due to their excellent hydrostatic properties at very high-pressures (> 10 GPa) relative to common liquid PTMs.
[7] He, Ar and Ne are typically used because they are chemically inert, whilst other gases have been studied for their diverse structural behavior. High temperature and pressure phases of CO2 and CH4 are of interest for understanding planetary interiors, for example, [8] while the formation and decomposition of methane-hydrates, which are only stable at pressure, has been studied in great detail. [9] Both CO2 and CH4 are of obvious industrial and environmental interest.
Here, we present a high-pressure study of the MOF Sc2BDC3 (BDC = benzene-1,4-dicarboxylate) using both CO2 and CH4 as PTM. Recent work has demonstrated the active role that PTMs play in high-pressure studies of porous materials, where the ability of the PTM to penetrate the framework can be used to "hyperfill" [10] the pores. For example, in a previous study of Sc2BDC3 using methanol as a PTM, the pores were hyperfilled with methanol molecules at 16 kbar, achieving a density 2.5 times larger than possible under ambient pressure conditions. [11] Furthermore, a previous high-pressure study on the zeolitic imidazolate framework, ZIF-8 (Zn(MeIm)2, MeIm = 2-methylimidazole), revealed a previously unobserved framework conformation, which has since been used to explain a step in its adsorption isotherm observed for a number of gases, and the increased loading capacity on increasing gas pressure. [12] In the case of Sc2BDC3, gas cell structural work and isotherms by Miller et al. using both CO2 and CH4 revealed interesting features worthy of further investigation. [13] Adsorption of CO2 into Sc2BDC3 at 1 bar and 235 K causes a phase transition, which results in a change in space group symmetry from Fddd to C2/c. The transition is characterized by a subtle rotation of one of the two symmetry independent BDC linkers upon exposure to CO2. This results in three symmetry independent linkers (Group 1, 2a and 2b) and gives rise to two crystallographically independent channels with one absorption site in each channel (Site 1 and Site 2, Figure 1a ). Site 1 lies across two Group 2a linkers with host-* We thank the EPSRC (AMPgas, EP/J02077 X/1; AG, PAW, ES, SB), CONACY T, Mexico (BG-S) and the University of Edinburgh (JS) for funding, Dr. Stephen Thompson for assistance at I11 and Diamond Light Source for beam time on stations B22 (Expts. SM8875-1, SM10014-1) and I11 (EE9027-1). MOF = metal-organic framework, BDC-NH 2 = 2-amino-1,4-benzendica rboxylate
Supporting information for this article is given via a link at the end of the document guest C-HO distances of ca. 2.9 Å and Site 2 is disordered over two positions and also has close C-HO contacts that range from 2.78 to 2.98 Å. At 235 K and 1 atm. Site 1 and Site 2 are fully and half-occupied, respectively, giving a calculated CO2 adsorption capacity of ≈ 3 mmol g -1 , which differs significantly from the experimentally measured maximum uptake of 6.5 mmol g -1 from adsorption isotherm data.
In our current study, CO2 was compressed to a pressure of 2 kbar within a modified Merrill-Basset DAC, using a multistate gas compressor containing a single crystal of Sc2BDC3 (SI-I). Singlecrystal X-ray analysis revealed that upon sealing the DAC, CO2 entered the MOF, immediately inducing the expected Fddd to C2/c phase transition. At 2 kbar, CO2 positions appeared similar to those previously observed by Miller et al., with both Site 1 and Site 2 occupied ( Figure 1A) . At 2 kbar, Site 1 was fully occupied, and Site 2 was observed to have an occupancy refining to 0.83(3). [13] The partial occupancy of Site 2 had in previous studies been justified as a form of static disorder, where the two symmetry-related positons of Site 2 could not be occupied simultaneously due to short (<2.2 Å) intermolecular O-O distances. In the high pressure structure we report here, the distance between the two symmetry equivalent sites increased to 2.46 Å, which allows for an increased occupancy for CO2 at Site 2.
Additionally, a previously undiscovered CO2 site (Site 3) was observed in the same channel as Site 1 ( Figure 1B) . Site 3 was modelled in two orientations, disordered over a two-fold rotation axis. Both positions lie very close to each other (<0.2 Å apart), discarding the possibility of both being occupied simultaneously. This was confirmed by the refinement of occupancies in the two . This approach also provides direct structural evidence of the expected packing re-arrangement of guest molecules required to reach maximum CO2 capacity. Application of further pressure beyond 6 kbar resulted in a significant loss of diffraction, most likely due to the freezing of CO2. Nevertheless, the structural data already obtained exemplified the use of liquefied, near supercritical gases, as an excellent method for "hyper-filling" MOFs, to the extent of allowing the location of all the adsorption sites, including ones not previously visible with X-ray diffraction.
Before, on uptake of CH4, no phase transition was observed, with the framework retaining the orthorhombic Fddd symmetry. [13] At 9 bar and 230 K, a low affinity for CH4 was observed, with two crystallographically-distinct adsorption sites, showing very low fractional occupancy for the C-atom (refined values of 0.15 and 0.25 were obtained for Sites 1 and 2 respectively). This implied that there was potential available capacity in the channels for further adsorption, and motivated us to perform a high-pressure experiment on Sc2BDC3 with CH4 as the PTM.
CH4 was loaded using a similar principle to CO2 but using a different method: cryogenically cooling CH4 to liquefy into the sample chamber of a standard Merrill-Bassett DAC before sealing at 3 kbar (SI-II). The initial loading showed the immediate inclusion of CH4 molecules inside the framework, and two adsorption sites were found in similar positions to those previously reported but now fully occupied. [13] Site 1 was close to the Group 1 linker (C-HH-C shortest contact of 2.62 Å), and Site 2 and its symmetry equivalent positions appeared next to Group 2 linkers (C-HH-C shortest contact of 2.44 Å). Refinement of CH4 molecules including the hydrogen positions was possible, a rarity in gas adsorption structural studies, and even rarer for highpressure phases of CH4 at much higher pressures, where the molecules tend to show several rotational degrees of freedom. [14] The data collected at 3 kbar provided an excellent model for the estimation of the adsorbed CH4 from the refined occupancies (0.91 (2) for Site 1 and 0.68(2) for Site 2) corresponded to 7.8 mmol g -1 , beyond the uptake capacity of 6.8 mmol g -1 previously reported for Sc2BDC3. The increased uptake shown here, beyond what was measured previously provides evidence of hyper-filling the framework at elevated pressures.
It was possible to continue the compression study to 25 kbar before freezing of the CH4 occurred, resulting in a loss of hydrostaticity and deteriation of diffraction quality. Up until 10 kbar the framework remained unaltered, with CH4 occupancy of both sites increasing until all sites were fully occupied, yielding a maximum capacity of 10.7 mmol g -1 . A small increase in the unit cell volume of <1% was observed at 3 kbar, which is a frequent observation in other high-pressure inclusion studies on other MOFs including Sc2BDC3. [11, 15] As seen with the inclusion of methanol, the expansion seemed to rely mostly on an increase along the a-axis, which corresponds to the channel directions (SI-IV). The continued increase of the a-axis with increasing pressure is in line with further CH4 being forced inside the framework, but overall the unit cell volume started to decrease above 6 kbar. At 10 kbar, an increase in the libration of both Group 1 and 2 BDC linkers was observed, suggesting both linkers were adopting more than one orientation. On increasing pressure to 12 kbar, the appearance of weak reflections indicate the onset of a phase change, which is clear at 13 kbar and results in a tripling of the baxis and reduction in symmetry to Fdd2 (SI-V). On increasing pressure further to 25 kbar, another phase transition occurs to a previously unobserved form of Sc2BDC3 (with the same topology), which has monoclinic symmetry and crystallizes in the space group P21/c.
Both phase transitions change the pore structure of Sc2BDC3. At 13 kbar, the transition from Fddd to Fdd2 results in an increase from one to three different Sc environments. The tripling of the baxis and lowering in symmetry is driven by the rotation of some of the ScO6 octahedra, with one rotating clockwise, the other anticlockwise and the last remaining largely unaltered (Figure 2 ). On increasing pressure further to 25 kbar, the transition from Fdd2 to P21/c causes a further rotation of the two symmetry independent ScO6 octahedra. In the final phase, all octahedra are twisted, allowing Sc2BDC3 to adopt a higher density form. Analysis of the subgroup-group relations [16] between the three phases shows that the transition from Fdd2 and P21/c symmetry is forbidden and must go via an unobserved intermediate phase.
These structural changes are coupled to a marginal reduction in the percentage pore volume of Sc2BDC3 -reducing from 34.9% to 34.8 % from 10 to 13 kbar respectively, followed by a more significant decrease to 29.2 % in the final phase at 25 kbar. On increasing pressure to 13 kbar, the refined occupancies of the CH4 molecules decreased, indicating that the amount of CH4 in the pores started to reduce on undergoing the first phase transition. The driving force for the formation of the high-pressure phases above 10 kbar would therefore appear to be to form denser crystalline phases of Sc2BDC3, with CH4 trapped in the pores. Atomic positions for the CH4 sites were unambiguously determined for all three phases. In both phases, two different sites per channel were maintained, with a similar arrangement to those observed in the original Fddd structure. From fully occupied sites in the Fddd structure at 10 kbar, half of the sites in the Fdd2 structure at 13 kbar refine to an occupancy of ca. 0.9, revealing a modest reduction in the number of CH4 molecules upon increasing pressure (SI-V). Unfortunately, extracting definitive conclusions from the pore content analysis in the P21/c phase was not possible, since data quality was seriously compromised at such high-pressures, partly due to CH4 having frozen around the crystal. For this reason, the above mentioned evidence of a reduction in pore volume is the only indication of reduced pore content in the final P21/c phase. On decreasing pressure, and recovering the crystal from the pressure cell, the crystal reverts to the original Fddd structure.
Overall, these results highlight the potential of using gases as PTM in high-pressure single-crystal diffraction experiments to explore the maximum gas uptake of porous MOFs at room temperature. Not only is it possible to determine adsorption sites within the pores, but the technique also reveals sites unoccupied at lower pressures, where low-uptake or large thermal motion may have made determining guest positions within the pores using diffraction techniques extremely challenging, or impossible. These cryogenic loading DAC studies can be of direct relevance to possible applications of MOFs at high pressures, such as UPLC or the storage of mechanical energy. [17] Finally, this is a new experimental approach to monitoring gas uptake with associated changes in the framework, which are expected to be widely applicable to other MOFs and help obtain improved atomistic models of the gas molecules inside the pores.
